Background-Growth hormone (GH) treatment may improve morphological and functional cardiac parameters in adults with GH deficiency (GHD). However, clinical trials reported to date involved few patients and yielded variable effects. Methods and Results-We systematically reviewed blinded, placebo-controlled, randomized clinical trials of GH treatment in adults with GHD and open studies in patients with GHD before and after GH treatment, evaluating the effects of GH on cardiac parameters assessed by echocardiography. Sixteen trials (9 blinded and 7 open), involving a total of 468 patients, were identified in 3 bibliographic databases. GH dosage, duration of treatment, and study populations varied among the studies. We conducted a combined analysis of effects on left ventricular mass (LVM), interventricular septum thickness (IVS), left ventricular posterior wall (LVPW), left ventricular end-systolic (LVESD) and diastolic (LVEDD) diameters, stroke volume, E/A ratio, isovolumic relaxation time (IRT), and fractional shortening.
R ecent epidemiological studies have shown that hypopituitarism in adults may be associated with increased cardiovascular death. 1, 2 The role of growth hormone deficiency (GHD) in this increased cardiovascular risk is controversial. 3 Nevertheless, experimental evidence supports a role of GH and its effector insulin-like growth factor I (IGF-I) in heart function and morphology. 4, 5 Some clinical studies have also shown specific cardiac alterations in patients with childhood-and adulthood-onset GHD. Relative to matched control subjects, patients with GHD had impaired left ventricular mass (LVM) and ejection fraction 6 -8 on echocardiography or equilibrium radionuclide angiography. 9 -11 However, other studies did not show such alterations in patients with GHD. 12, 13 GH treatment of GHD is associated with a correction of body composition and changes in bone mineral density, 14 but its effects on cardiac parameters are less consistent. LVM was increased in some studies 7, 8, 11, [15] [16] [17] [18] [19] but not in others. 13,20 -24 Interventricular septum (IVS) and left ventricular posterior wall (LVPW) thickness increased in only 4 studies. 7, 11, 17, 24 Heterogeneous results were also obtained for cardiac output 13, 16, 17, 20, 23 and ejection fraction (EF), which can be used to measure systolic function. 7, 11, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] Most of these trials involved small numbers of adults with GHD. We therefore conducted a systematic review of GH trials in adults with GHD to obtain a more reliable evaluation of the effect of GH treatment on cardiac parameters assessed by echocardiography. effect of GH on heart function in human adults with GH deficiency. The search strategy was not limited by study design or language.
Inclusion Criteria
We selected reports independent of the inclusion criteria. We included all randomized, blind, placebo-controlled trials in patients over 17 years of age with the diagnosis of GHD performed by insulin tolerance test (except two 13, 22 ) and a GH peak Ͻ5 g/L. In 1998, Consensus Guidelines for the diagnosis and treatment of adults with GHD recommended the use of the insulin tolerance test (ITT) as a reference test for evaluating GHD and stated that "most normal subjects respond to ITT with a peak GH concentration of Ͼ5 g/L." 25 The reasons for using different stimulation tests were contraindications to ITT or preference of researchers who previously validated their tests versus ITT. Because only 9 such trials were found, we also included 7 open studies. Cardiopulmonary investigations were based on 2-dimensional echocardiography, and at least 1 of the following outcome measures was included: LVM, IVS, LVPW, left ventricular end-systolic (LVESD) and diastolic (LVEDD) diameters, stroke volume, ratio of E-wave and A-wave peak velocities of the mitral flow profile (E/A), isovolumic relaxation time (IRT), and fractional shortening. LVM (g) was calculated with Devereux's formula according to the Penn convention, with the following regression-corrected cube formula: LVMϭ1.04[(IVSϩLVEDDϩLVPW) 3 Ϫ(LVEDD) 3 ]Ϫ14.
Data Extraction
Data were extracted from published reports onto a standardized form. The authors were contacted to obtain unpublished data and to verify extracted data when necessary. Discrepancies were resolved by discussion between the authors. The following data were extracted: mean age, sex, number of patients included, number lost to follow-up, target GH dose, treatment duration, study quality (design, blindness, statistical methods), losses to follow-up for each outcome measure, baseline and follow-up values in both groups (means and standard deviation or standard error of the mean), and methods used to measure outcomes.
Statistical Methods
The effect size was calculated differently for parallel-group, crossover, and open study designs to reflect the intergroup and intragroup variances. 26 The effect size was computed as the mean difference (GH minus placebo) in the changes (follow-up minus baseline) for each outcome measure. In the case of crossover trials, effect sizes were calculated by using mean difference between the ends of each period. For open studies, effect sizes were calculated with mean differences between baseline and follow-up. A positive effect size means an increase with GH treatment and a negative effect size a decrease. To calculate the overall effect size, each study was weighted by the reciprocal of its variance. Because the variance of changes was not stated in all the articles, they were calculated, when necessary, from the t statistic, the probability value, or confidence intervals (variances, standard error of the mean). 26 These values had to be estimated from the figures in the study by ter Maaten et al. 23 We explored heterogeneity between studies by using the Q test. The analyses were repeated, using a random-effects model when the effect size was significant in a fixed model to confirm the result. 27 A funnel plot was drawn, and its asymmetry was measured to assess the possible influence of publication and location biases. 28 The intercept of linear regression, where the effect size divided by the standard error is regressed against the reciprocal of the standard error, provides a measure of asymmetry. To assess sensitivity, when the effect size was drawn by one or two trials (eg, a large trial), these studies were dropped from the analysis. To quantify the size of the effect, we calculated weighted mean (and standard deviation) change between the groups or periods for each outcome measure when data were available.
The effects of the GH dose, the IGF-I increase, the treatment duration, and the study design on the overall estimates were assessed by stratification or meta-regression. Weighted least-squares regres-sion was used for meta-regression, with individual study effects weighted by the inverse of the estimated variance. The ␤-coefficient and its significance are presented along with the adjusted R to show the overall variability explained by the model.
Analyses were conducted using the SPSS (SPSS Inc) package for Windows.
Results
The combined search strategy identified 16 publications with echographic assessment of cardiac function (Table 1) , comprising 7 open studies and 9 blinded, randomized, placebocontrolled trials of GH in adults with GHD. These studies included at least one of the following outcome measures: LVM, IVS, LVPW, LVESD and LVEDD, stroke volume, E/A, IRT, and fractional shortening. Whatever the outcome, no significant heterogeneity was observed ( Table 2) , and funnel plot and linear regression do not suggest any selection bias (data not shown).
The studies were generally of good quality, but data were rarely analyzed on an intention-to-treat basis, and a large proportion of the subjects were lost in some studies (Table 1) .
A significant positive overall effect size on LVM ( Table  2 ). The effect on blood pressure was available in only two studies 7,13 giving a significant overall effect size for systolic blood pressure only (0.45 [0.06; 0.84]).
To quantify the size of the effect, we analyzed the weighted (by variance) mean difference (and standard deviation) between GH and control for each outcome. Results are given in 0.63]) with high target doses and only for LVM (0.23 [0.09; 0.38]) with low doses, suggesting a dose-effect relation. Dose distribution between studies was too restricted to confirm this dose-effect relation by meta-regression. The relation between treatment duration and GH effects was found to be significant for interventricular septum thickness only (␤ϭ0.8, PϽ0.001), but with sensitivity analysis after dropping ter Maaten et al study 23 the relation was no longer significant (␤ϭ0.3, NS). A subgroup analysis according to IGF-I increase (higher or less than 300%, the median increase in IGF-I from basal levels) during treatment with GH was also undertaken. A significant overall effect size was found for IVS (0.59 [0.32; 0.86]), LVEDD (0.67 [0.41; 0.93]), and stroke volume (0.54 [0.25; 0.84]) in the trials with high increases in IGF-I (Ͼ300%, nϭ6, 6, and 3, respectively) but not in the group of trials with lower increase (Ͻ300%, nϭ8, 5, and 2, respectively), also suggesting a dose-effect relation.
Discussion
The anabolic effects of the GH/IGF-I axis are well established, together with its role in the regulation of heart function and morphology. IGF-I directly causes cardiac hypertrophy. 4 Cittadini et al, 5 using isolated rat and ferret muscles, found evidence that IGF-I, contrary to GH, augmented myocardial contractility by sensitizing myofilaments to Ca 2ϩ . IGF-I also retards cardiomyocyte apoptosis. 29 These findings suggest that GH administration may have a marked trophic effect on the heart, particularly in patients with GHD. However, although some studies showed an increase in LVM during GH therapy of GH-deficient patients, 7, 8, 11, [15] [16] [17] [18] [19] others did not. 13,20 -24 As in all systematic overviews, publication is a potentially major source of bias because trials with positive and significant results are more likely to be published than those with neutral or negative results. Nevertheless, as significant reported parameters were rarely identical in selected trials, such bias seems unlikely.
Our meta-analysis showed a significant positive effect on LVM. This probably is due to the concomitant increase in LVEDD, confirming the results of most published trials, 7, 13, 15, 16, 18, 23 and in LVPW as previously demonstrated in four studies. 7, 11, 17, 24 These discrepancies in the effects of GH therapy on LVM may be related to the highly variable degree of basal LVM impairment (and thus the potential increase during treatment). Indeed, the duration and severity of GHD differed from one study to another, as well as the proportion of patients with childhood-onset or adulthood-onset GHD.
Heterogeneous GH effects have also been reported on cardiac output 13, 16, 17, 20, 23 and the ejection fraction, 7, 11, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 30, 31 which reflects systolic function. The increase in cardiac output seen in some trials probably is related to the small increase in heart rate and to the increase in stroke volume. Stroke volume was the only parameter to be significantly augmented in our subgroup analysis of randomized trials, although the small number of trials and the small study populations limit the reliability of this conclusion. The capacity of GH to increase contractility is controversial. 32 Some studies have shown an increase in fractional shortening, 7, 11, 13, 17, 18 whereas others showed no change. 15,16,20 -23,30,31 Our meta-analysis showed a trend toward a positive effect of GH on fractional shortening. Even if it occurs, it must be kept in mind that improved LV fractional shortening reflects an increase in contractility only if loading characteristics remain unchanged. In fact, if postloading conditions have been considered as not altered by GH treatment in some studies, 13 others have demonstrated that GH treatment was able to modify vascular reactivity in improving endothelium-dependent and non-endothelium-dependent vasodilatation, which were impaired in patients with GHD as compared with normal control subjects. [33] [34] [35] Concerning preloading conditions, LVEDD increases after GH treatment of adults with GHD, probably as a consequence of the documented increase in blood volume. Echocardiographic studies of systolic function have at least 3 limitations. The first is technical: Echocardiography is probably less sensitive than other techniques such as equilibrium radionuclide angiography for the assessment of systolic function. 11 Unfortunately, the small number of published studies using these techniques did not allow a meta-analysis. Second, echocardiography (like radionuclide angiography) may lack sensitivity for detecting the effect of GH at rest, as the LV ejection fraction improvement was only observed at peak exercise 11 and after long-term (12 months) treatment in several studies. Last, the study populations are heterogeneous (childhood-onset or adulthood-onset GHD, age differences, and so forth), and this probably attenuates the observed effects of GH on systolic function, which is more strongly impaired in younger patients. 9, 10, 32, 36, 37 Diastolic function improved in a few published studies, 17,20 but the improvement was not significant in our meta-analysis, possibly owing to the small number of studies assessing the relevant parameters.
Whether patients with GHD with more severe cardiac alteration will have a better response to GH is presently unknown. Because the basal individual cardiac parameters were not available and were generally not compared with those of a matched population in the published studies, it was not possible to assess whether abnormalities in basal parameters would predict response to GH. The necessity to pool studies performed on patients with childhood-onset and adulthood-onset GHD is also a limitation of our metaanalysis. Indeed, it probably underestimates the cardiac response to GH in patients with childhood-onset GHD whose lack of GH secretion during the developmental period provokes more marked alterations of cardiac structure and function that are more responsive to GH.
The effect of GH dose on the cardiac response in GHD has not been investigated so far. Indeed, the issue of physiological or pharmacological response to treatment is important. Our meta-analysis shows higher overall effect size in trials with high target dose of GH, suggesting a dose-effect relation. Moreover, we have demonstrated that the overall effect size is significantly greater for IVS, LVED, and stroke volume in the group with higher increase in IGF-I levels during treatment than in the group with lesser increase. Thus, a relation between response of some cardiac parameters and amplitude of IGF-I response to GH treatment seems likely. This may also indicate that a better cardiac response is obtained in patients with more severe GHD, as assessed by lower basal IGF-I levels. It would have been interesting to study the dose-effect relation in terms of IGF-I Z score, which takes into account the variance of age. Unfortunately, in the majority of studies, IGF-I was given in absolute terms, without any reference to normal age-adjusted ranges that could have permitted calculation of an SD score.
Because the aims of GH substitutive treatment in patients with GHD is to obtain and, thereafter, to maintain IGF-I levels in the normal age-and sex-adjusted range, it is not possible from our data to draw any conclusion about the potential effect of GH in patients with cardiac failure and "normal" GH/IGF-I axis. However, it must be emphasized that even in patients with heart failure, the individual response to GH treatment is a fundamental variable to take into account: The higher the target dose and the increment in IGF-I levels, the higher the changes in cardiac function. This is exemplified by the results of a large double-blind trial showing initially no modifications in cardiac function during GH treatment in patients with heart failure, 38 but, when reanalyzed as function of IGF-I increase, demonstrating a marked increase of LV ejection fraction in those patients who responded to GH therapy with substantial IGF-I generation. 39 Finally, it must be underlined that beyond the improvement in echocardiographic parameters reviewed in this meta-analysis, GH treatment is also able to produce clinical benefits, particularly in terms of exercise capacity in patients with GHD, as demonstrated in various trials. 11,20 -22 Improvement in cardiac function with GH treatment may be one of the factors contributing to this increase in exercise performance.
In conclusion, this meta-analysis confirms that GH treatment is associated with a significant positive effect on LVM, IVS, LVEDD, and stroke volume, as assessed by echocardiography in adults with GH deficiency. In contrast, GH treatment was not found to have a significant impact on systolic parameters.
